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ABSTRACT: The sheet forming industry is plagued by inherent variations in its many input variables, 
making quality control and improvements a major hurdle. This is particularly poignant for Advanced High 
Strength Steels (AHSS), which exhibit a large degree of property variability. Current FE-based simulation 
packages are successful at predicting the manufacturability of a particular sheet metal components, however, 
due to their numerical deterministic nature are inherently unable to predict the performance of a real-life 
production process. Though they are now beginning to incorporate the stochastic nature of production in 
their codes. This work investigates the accuracy and precision of a current stochastic simulation package, 
AutoForm Sigma v4.1, by developing an experimental data set where all main sources of variation are 
captured through precise measurements and standard tensile tests. Using a Dual Phase 600Mpa grade steel a 
series of semi-cylindrical channels are formed at two Blank Holder Pressure levels where the response 
metric is the variation in springback determined by the flange angle. The process is replicated in AutoForm 
Sigma and an assessment of accuracy and precision of the predictions are performed. Results indicate a very 
good correspondence to the experimental trials, with mean springback response predicted to within 1 ° of the 
flange angle and the interquartile spread of results to within 0.22°. 
KEYWORDS: Sheet Metal Forming, Robustness, Variation, Springback, AHSS. 
1 INTRODUCTION 
Achieving a Six-Sigma performing stamping 
process is something many organisations aim to 
achieve. The use of numerical simulation 
techniques, such as FEM, are often an attractive 
option for evaluating the success of a stamping 
operation. However, the inconsistent nature of 
incoming material properties, process conditions, 
press forces and other sources of variation [I], 
make the ability to accurately predict the realistic 
response of a stamping system difficult from a 
single FEM simulation. This is emphasised with 
the increased implementation of Advance High 
Strength Steels (AHSS) into modern day vehicles, 
which, due to their relative infancy, exhibit a large 
degree of property variation [2]. This, coupled with 
increased levels of spring back has also posed 
geometric tolerance concerns, as often sporadic 
final part shapes cause difficulties at the assembly 
stage which can lead to defects. This challenge has 
received a great deal of attention with academics 
and industry developing tools and techniques to 
consider the inherent variation of the stamping 
process [3-8]. One of these tools is the robustness 
assessment add-in module to the automotive 
specific forming software AutoForm, called Sigma. 
This aims to provide efficient and effective 
solutions for robustness analysis through the 
coupled usage of FEM and statistical process 
control techniques. 
Usage of this tool is widespread with a great deal 
of work being produced [9-11] with good success. 
However, in order to perform these "noise-based" 
simulations a few assumptions must be made. 
Paraphrasing Donald Rumsfeld, "there are known 
unknowns - that is, there are things we know we 
don't know; and there are unknown unknowns -
that is, there are things we don't know we don't 
know". Typically, current numerical packages 
make an assumption that all variation is caused by 
known sources that can be captured and quantified 
as noise inputs to the simulation. This however 
may not be the case, as often attempts to 
characterise the effect of inherent stamping 
variation has been extremely difficult. Especially 
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when performed using an industrial stamping press 
due to the inaccuracy and lack of resolution of the 
response and measurement techniques as shown by 
Rolfe et.al [12] when attempting to examine press 
force signatures and their correlation to variations 
in thinning for an automotive component. Often 
unknown sources of variation are also part of these 
industrial trials which make it difficult to assess the 
response and consecutively, assess how accurate 
the stochastic predictive tools are. 
This work involves the development of a semi-
controlled experimental data set using precise 
laboratory equipment, whereby, the main sources 
of variation are quantitatively captured. This allows 
the accuracy and preCISIOn assessment of 
springback predictions from a current stochastic 
simulation tool, AutoForm Sigma, to be performed. 
By performing this evaluation, an indication as to 
whether the 'unknown unknowns' have a 
significant effect on the final springback response 
can also be established. 
1.1 ACCURACY AND PRECISION 
Analysing the quality of a data set involves looking 
at various aspects. Two of which are accuracy and 
precision. Accuracy is the measure of how close 
the measured value is to the actual value. This is 
usually achieved by taking a number of 
measurements and establishing a mean value, for 
which a comparison can be made. Precision is a 
measure of the repeatability of the process and 
often is related to the dispersion of numerous 
results as represented by Figure 1. 
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Figure 1: Representation of Accuracy and 
Precision. 
In this study the accuracy is defined as the 
comparison of mean responses from the FEM 
prediction and the mean experimental response. 
Springback accuracy assessments have been 
performed widely in both academia and industry 
with mixed responses; depending upon the 
complexity of the material and/or forming process. 
However, precision evaluation of springback 
predictions from FEM tools have received lesser 
attention, and in some cases could be deemed more 
crucial to ensure reliability and robustness is 
achieved in the final stamping process. 
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2 EXPERIMENTAL PROCEDURE 
The development a semi-controlled experimental 
data set with a high level of resolution of capturing 
small changes in input parameters and, a high level 
of accuracy and precision in measuring the 
springback response was important to ensure the 
aims of this study could be successful. 
Using a fully instrumented Erichsen formability 
tester and tooling specifically designed to allow a 
simple and stable measure of springback a series of 
2D channels with a semi-cylindrical punch were 
formed. Material property variation has been 
captured through a series of tensile tests and blank 
measurements. Variation in process parameters 
have been kept to a minimum, by not using a 
lubricant in an attempt provide a more consistent 
friction co-efficient and blank holder force is 
controlled precisely by the Erichsen formability 
tester. Hence, variation is assumed to be purely 
material based. 
Two sets of experiments were performed, 
examining two operating windows defined by low 
and high Blank Holder Pressure (BHP) settings of 
21 MPa and 57 MPa respectively. Fifty replicates 
were performed for each data set to provide a 
suitable response space. The BHP levels chosen are 
at the either bound of formability. The lower 
exhibits very little thinning and is primarily a 
drawing process, whilst the higher level, shows 
noticeable thinning and is at the upper limit of 
formability. The lower BHP window however, still 
exhibits a suitable amount of sheet tension to 
conform the blank to the die radii during the initial 
stages of forming. This allows direct comparison of 
the final springback profiles, as the 'drawn' 
profiles are alike. 
2.1 FORMING GEOMETRY 
Many structural components found in automotive 
vehicles are representative of various channel 
sections found in chassis rails, B-pillars and other 
cross-members. The selected forming geometry is 
representative of this on a smaller scale and is 
displayed in Figure 2, where Rd = 5mm and 
Rd = 20mm. The cylindrical punch allows a simple 
and accurate method of assessing springback, 
which is critical, as minute changes between each 
stamping needs to be evaluated. 
PUNCH 
Figure 2: The cylindrical channel tooling geometry. 
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2.2 SHEET MATERIAL VARIATION 
A Dual Phase (DP) 600 MPa grade steel has been 
used, as it is representative of the typical usage in a 
structural component for many modern day 
vehicles. To quantifY the potential material 
variation, 36 intrinsic tensile tests were performed 
according to AS 1391-2005 standards. The tensile 
specimens were blanked from the same coil, at 
different locations, hence only showing 'in coil' 
variation, which is suitable for this study. Figure 3 
displays the material flow curves for each test in 
grey and the mean experimental flow curve in red. 
A relative large dispersion of flow behaviour is 
observed, primarily caused by shift in the yield 
stress and not so much variation in the strain 
hardening properties. 
A power law approximation (Equation 1) was used 
to characterise the material behaviour of each test 
specimen. In order to accurately represent the true 
scattering behaviour of the DP600, correlation 
between the material parameters was performed to 
establish if any dependence occurred. It was found 
that the Yield Stress and the Ultimate Tensile 
Stress were linearly dependent upon one another as 
shown in Figure 4, with the strength co-efficient, 
K, related by Equation 2. The strain hardening, n, 
remained constant at 0.143. 
0" = K&" 
K= O"y 
&0" 
(1) 
(2) 
Quantitative characterisation of the spread in 
material parameters was performed by determining 
the standard deviation, which assumes a normal 
distribution, and minimum and maximum limits, 
which are represented in Table 1. Normal 
probability plots were performed to ensure a 
normal distribution fit is acceptable. 
Blank thickness and width variation was also 
measured for each specimen before forming and is 
recorded in Table 1 for each of the BHP operating 
windows explored. 
DP600 Material Variation 
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Figure 3: Material variation of the DP600 steel, 
indicating the variation approximation used within 
the AutoForm FEM simulations. 
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Figure 4: Correlation between Yield Stress and 
Ultimate Tensile Stress for DP600. 
Table 1: Variation of material parameters extracted 
from intrinsic tensile tests and blank geometry 
measurements 
Material Mean Std Min A1ax 
Parameter Dev 
eJ,(O.2%) 489.46 12.55 467.69 535.01 
UTS 632.99 14.37 605.43 674.60 
to (RHl'-2IMl'a) 1.958 0.017 1.919 1.979 
to j/jHP-57MPa) 1.963 0.013 1.914 1.982 
Wo rRHP-2IMPa 19.55 0.234 18.94 19.94 
Wo rRHP-57Ml'ai 19.55 0.155 19.20 19.80 
2.3 PROCESS SETUP 
An Erichsen (Model 145) sheet metal formability 
tester has been used for the forming process. 
Relatively slow punch speeds of approximately 
3.4mm/s have been used to allow an adequate 
sampling rate of data for tool forces and punch 
stroke displacement. To limit frictional variation 
effects no lubricant was used and both the tools and 
blank were cleaned with an acetone covered cloth 
before each stamping. 
Blank holder force was monitored and precisely 
controlled to within 1 % of the desired value due to 
the resolution of the load cell. 
3 SPRINGBACK MEASUREMENT 
Achieving an accurate, precise and reliable method 
to determine the amount of springback was crucial 
to ensuring that the subtle changes in geometry 
from stamping to stamping were captured. A 
simple yet accurate method to characterise the final 
part shape has been developed which involves the 
following process. 
Firstly the channel edges are marked with a white 
paint marker to ensure a good level of contrast 
when each channel is scanned. The channels are 
then scanned on a flat-bed at a resolution of 300dpi 
using a black and white filter. The image (* .tit) is 
then inverted to provide a white background 
leaving a solid outline of the channel profile. A 
MA TLAB script has been developed to process the 
image, utilising chain coding which converts the 
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image file into a x-y data set. To allow reference to 
the tooling geometry when analysing the amount of 
springback, the bottom edge of the channel is 
traced. From here the 2D profile is rotated, to 
ensure the flange angles are balanced, providing an 
axis of symmetly. A linear regression fit of flange 
region allows the angle from horizontal to be 
determined. The flange is a common mating face, 
and its dimensional accuracy is critical at the 
assembly stage, hence is a useful metric. 
3.1 MEASUREMENT UNCERTAINTY 
To establish the uncertainty in the measurement 
technique two processes where employed. The first 
analysed the accuracy and determined if any bias 
error was prevelant. This involved generating a 
CAD profile of a semi-cylindrical channel with a 
specifed amount of springback i.e. flange angle of 
5° and performing the springback charaterisation 
measurement process. This was repeated ten times. 
The average measured flange angle was 4.96° 
indicating a very small negative bias 0.04° (0.09%) 
concluding excellent accuracy in the measurement 
process. 
To assess the precision of the process, the spread of 
the results from the ten tests were investigated, 
with a total range of flange angle measurements 
equalling 0.09°. Hence, the measurement technique 
exhibits excellent resolution with the ability to 
accurately and reliably measure the final flange 
angle of the component. 
4 FEM SIMULATION PROCEDURE 
The FEM simulation was performed using 
AutoForm v4.1. Initially, a sensitivity analysis of 
numerical parameters was performed to ensure an 
accurate, stable and converged solution of the 
forming process was achieved. The numerical 
parameters used are described in Table 2 for all 
simulations. 
It was found that the mesh density was most 
sensitive to springback, whilst, small changes in 
the max-displacement (time step) had little effect 
on springback, but affected the stability of the 
solutions punch force predictions. Therefore, to 
ensure that numerical peliurbations had minimal 
effect, the adaptive meshing scheme employed by 
AutoForm, to reduce simulation times, has been 
disabled and constant mesh geometry used 
throughout the entire simulation. To improve 
computational efficiency a double symmetIy model 
was used. 
4.1 CORRELATION OF NOMINAL 
SIMULATION 
To ensure the simulation accurately reflected the 
experimental process the punch force during 
forming was recorded and a comparison performed 
with the AutoForm prediction as shown in Figure 
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5. The selected experimental data set represents the 
average punch force response, whilst the nominal 
simulations were chosen, with all noise parameters 
set at their mean values. This process also allowed 
the selection of a suitable friction co-efficient 
which accurately captured the forming forces. 
Table 2: Description of Numerical Parameters used 
in the FEM simulation. 
Numerical Parameter Value 
Tools 
Tool Stiffness 100 N/mm3 
Tool Columns (Binder) Tool Centre 
Material 
Flow Curve Ludwik 
Yielding Criterion Hill (Isotropic) 
Bi-axial stress factor I 
Lubrication - all tools 0.135 
Element Type Elastic-Plastic 
Shell 
Meshing 
Accuracy User Defined 
Radius Penetration 0.04mm 
Max Element Angle 22.5° 
Initial Number of Elements 2500 
Max Refinement Level 0 
Layers II 
Time Steps 
Max Displacement 0.2 
Comparison of Punch Forces 
4S ~ 0 Average Experimental 
-AutoForm Prediction 
-" Z 
=- 35· 
~ 
~ 30 
~ 25 i 
'" c " .~ 15 
C 10 
BHP = 57 MPa 
BHP = 21 MPa 
Punch Stroke (mm) 
Figure 5: Comparison of experimental and 
AutoForm predicted punch forces vs displacement 
curves for both Blank Holder Pressure settings. 
4.2 STOCHASTIC ANALYSIS 
Two noise analyses were performed, replicating the 
two BHP settings explored experimentally. One 
hundred individual simulations were performed per 
operating window explored, as recommended by 
AutoForm. The noise parameters are defined as 
outlined in Table I using Gaussian approximations. 
The Ultimate Tensile Stress was defined as 
dependent on the Yield Stress, to replicate the 
material behaviour as indicated in Figure 4. All 
other noise parameters are independent. The 
variation input space is automatically determined 
via a Latin Hypercube sampling technique [9], 
which is employed by AutoForm Sigma. The 
simulations were automatically performed and the 
output response generated. 
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5 RESULTS 
To investigate the variation in springback, each 
individual simulations part profile after springback 
was expOlied. This allowed the same measurement 
process to be applied to the simulated data as was 
performed on the experimental trials minus the 
physical scanning and chain coding. 
Histograms for both experimental and AutoForm 
predicted data sets were generated and some basic 
statistical descriptors determined as shown in 
Figure 6 and Figure 7. A normalised frequency is 
used to allow direct comparison between different 
sample sizes. Cumulative density plots are also 
illustrated, which aid in determining probable 
reject rates if tolerance levels are assigned. Figure 
8 provides a summary indicating the mean 
springback magnitude, which is a measure of 
accuracy. Precision is assessed by evaluating the 
total range and interquartile range (IQR). 
5.1 ACCURACY ASSESMENT 
Assessing the accuracy of the AutoForm's ability 
to predict springback, involves an analysis of the 
mean response. At the lower BHP operating 
window of 21 MPa, AutoForm is able to predict 
the mean springback magnitude with a high level 
of accuracy, a difference of only 0.28 0 (approx 3%) 
when compared to the experimental mean. The 
higher BHP setting of 57 MPa shows a slight larger 
mean difference of 1.22° (approx 22%). However, 
this magnitude in discrepancy is still quite small in 
terms of an applied usage. The result indicates a 
slight inaccuracy in the prediction at higher strains; 
however, overall accuracy is stilI very good. 
5.2 PRECISION ASSESMENT 
Precision is more difficult to quantitatively assess, 
as the output response may fit to different 
distribution types, each with different statistical 
characteristics. Therefore, the total range, which 
captures 100% of the output response and the 
interquartile range (lQR), which represent the 
range between the first and third percentiles, have 
been investigated. The IQR is a good 
representation of statistical dispersion as it is not 
heavily influenced by outliers, like the total range 
and is not dependent on the type of distribution. 
Hence, the two metrics provide a good overview to 
the shape ofthe output response space. 
Firstly, the lower BHP setting shows a slightly 
reduced variation prediction from the FEM when 
compared to the experimental histogram as shown 
in Figure 6. There was a difference in the total 
range prediction of 0.5° and IQR difference of 
0.21 ° when compared to the mean experimental 
data. 
The higher BHP setting exhibits quite a precise 
prediction from the FEM, with a total range 
difference of only 0.08° and IQR difference of 
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0.22° when compared to the experimental 
response. A more pointed distribution is evident in 
Figure 7 indicating the slightly larger difference in 
IQR to total range. 
Springback Distribution (BHP = 21 MPa) 
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Figure 6: Springback distribution comparisons 
between AutoForm and experimental data at 
BHP = 21 MPa. 
Springback Distribution (BHP = 57 MPa) 
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Figure 7: Springback distribution comparisons 
between AutoForm and experimental data at 
BHP = 57 MPa. 
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Figure 8: Comparison of mean springback 
response and the total range for the AutoForm 
predictions and experimental data sets. 
6 DISCUSSION 
o 
In general, the accuracy and precision predictions 
of springback variation were very good, with 
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relatively small differences shown in all 
comparisons made. However, the common trend 
shows that the AutoForm predictions under 
estimate the variation of the forming process as 
shown in Figure 8 by the IQR and range. This 
could be due to two factors. Firstly, as a limited 
number of tensile tests were performed due to time 
and material limitations, the potential variation in 
material properties could have been 
underestimated, which has effectively reduced the 
input variation space and in-turn the output 
response is reduced of the FEM simulation. Also, 
the variation of material properties in each blank 
formed could not be tracked, therefore, the 36 
tensile tests performed had to be purely 
representative of the actual material variation for 
all of the formed sheets. Secondly, despite attempts 
to eliminate fluctuations in friction conditions 
through a dly forming process, small differences i~ 
surface texture of the incoming sheet and changes 
in tribological conditions after repeated stampings 
could have introduced a further input variation 
source. 
In spite of some of the inabilities to precisely 
capture all variation sources and quantities, the 
major sources of noise have been considered and 
good results are apparent. This indicates that for 
this relatively controlled stamping process, the 
effect of unknown sources of variations are 
minimal and our 'known unknowns' contribute to 
the majority of the final variation we see. 
7 CONCLUSIONS 
An assessment of a current stochastic simulation 
tool, AutoForm Sigma v4.1, has been performed by 
developing a semi-controlled experimental data set 
at two Blank Holder Pressure settings with the 
variation in springback as the main focus. Noise 
sources have been quantitatively captured and 
characterised through a series of standard tensile 
tests and blank geometlY measurements, whilst the 
variation of process parameters such as friction 
have been minimised by conducting a non-
lubricated trial. 
The experimental trials were replicated using 
AutoForm Sigma and the springback variation 
predictions in terms of both accuracy and precision 
were very good. Mean springback prediction were 
accurate to within approximately I ° and the 
precision assessment of the IQR was within 0.22° 
in the worst ofthe two cases. This indicates that the 
key sources of variation were appropriately 
captured and the unknown sources had little effect. 
The high level of accuracy and precision shown 
has entrusted more confidence within the FEM tool 
and is consequently a step forward to dissolving 
the differences between a 'realistic' stamping 
process and the 'deterministic' behaviour of 
traditional FEM simulation tools. 
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